Antimicrobial peptides (AMP) are short cationic peptides that have broad-spectrum antimicrobial activities [4] . In addition to being antimicrobial, AMP are also important innate immune effector molecules [5] . Because AMP are mostly cationic and amphipathic in nature, they can bind and disrupt negatively charged microbial membranes as well as change the permeability of membranes, causing physical damage to the membrane that results in cell death [6] . Due to their nonspecific physical interactions with membranes, AMP can quickly kill bacteria without any resistance [7, 8] . More than 10 different AMP have been isolated from houseflies. These Muscae peptides have some common characteristics, including different amino acid sequences and helical structures, and their molecular weight is relatively low (less than 10 kDa). In addition, AMP can be quickly synthesized in vivo for use against bacteria, fungi, viruses, protozoa, and tumor cells and are nontoxic to eukaryotic cells [9] .
The host generates effective immune responses when it is stimulated by exogenous microorganisms, and such responses alter the sensitivity of the host to microorganisms. Although AMP are produced as part of the innate immune response, they show different antimicrobial activities to different bacteria when induced by different bacteria [10] .
It has been reported that using maggots from pig manure to feed pigs increases immunity by decreasing the rate of diarrhea. When maggots from dead chickens were added to chicken feed, alleviation of pullorum disease was observed, and the broiler's FCR was improved. These effects were due to the rich proteins and AMP in the maggots [11] . However, the safety of using maggots has been largely ignored. Maggots may contain pathogenic bacteria that cause new infections instead of curing the chickens.
In the present study, we used inactivated Salmonella pullorum to stimulate maggots and measured the antibacterial spectrum and minimum inhibitory concentration (MIC) of the AMP generated by the maggots. In addition, to explore the protective effect of maggot AMP on S. pulloruminfected chickens, survival rate, blood indicators, and intestinal microbial changes were measured in chickens artificially infected with S. pullorum and treated with AMP extracts.
MATERIALS AND METHODS

Bacterial Preparation
Salmonella pullorum, Staphylococcus aureus type 5 capsular polysaccharide (CP5), and Escherichia coli O157:H7 (provided by the Microbiology Laboratory of the College of Animal Science and Technology in Shihezi University) were cultured in Luria broth (LB) until the logarithmic growth phase was reached. Bacteria were harvested by centrifugation and the concentration of the bacteria was adjusted to 1 × 10 8 cfu/mL.
Formaldehyde Inactivation
Freshly prepared S. pullorum samples were cultured at 37°C for 24 h with 0.2% formaldehyde solution, which required mixing. To assess bacterial inactivation, 100 μL (1 × 10 7 cfu) of the inactivated bacterial samples from each group were inoculated in liquid LB medium and used to coat LB plates at 37°C for 48 h, and the growth of bacteria was observed.
Induction and Crude Extraction of Maggot AMP
Similar maggots (provided by the Insects Laboratory of the College of Agronomy in Shihezi University) were fed a mixture of 30 mL of bacteria (both inactivated S. pullorum and normal S. pullorum) and an equal amount of bran for 48 h in an incubator (28°C, 60% RH). For the control group, the bacterial suspension was replaced with 30 mL of distilled water.
The extraction of AMP was performed in accordance with Guo Guo's method with some modifications, as described herein [12] . The live maggots were cleaned with tap water (8 to 10 times) and sterile water (3 times). The heads of the maggots were removed and the bodies were placed in a high-speed tissue homogenizer together with extract liquid (0.05 mol/L of ammonium acetate buffer, pH 5.0; 0.35 μg/ mL of phenylmethanesulfonyl fluoride; 2% β-mercaptoethanol) at a mass (mg) to volume (mL) ratio of 1:3. The homogenate was centrifuged at 25,805 × g 3 times for 30 min at 4°C each and heated in boiling water for 5 min. After rapid cooling, the supernatant was centrifuged at 4,121 × g for 30 min at 4°C and concentrated using an ultrafiltration tube (molecular weight cutoff of 3 kDa). The resulting crude AMP extracts were stored at −20°C for later use.
Molecular Identification and Determination of AMP Concentration
The concentration of the AMP crude extract was measured by Coomassie blue staining [13] . The optical density of the standard protein (crystalline bovine serum, 100 μg/mL) was measured. The standard curve was drawn based on the standard protein concentration (mg/mL) as the abscissa, and the absorption value of optical density 595 was determined as the ordinate.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze the AMP. The concentrations of the separation and stacking gels were 15 and 5%, respectively. A constant voltage (80 V) was used until the indicator migrated to the separation gel, then the voltage was changed to 110 V until the indicator migrated to the bottom of the gel (approximately 1 cm). After the gel was stained with Coomassie blue, it was photographed using Image Master VDS [14] .
Antibacterial Activity of the AMP Crude Extract
Disks were placed into an AMP and antibiotics (Enrofloxacin) solution for 2 h. The bacterial suspension was used to evenly coat the entire surface of the LB medium with a cotton swab, and the disks were placed onto the plate after the moisture was absorbed completely by the agar. The zones of inhibition were measured after 18 to 24 h of culture at 35 ± 2°C. The detection criteria were an inhibition zone diameter ≤10 mm for low sensitivity; 10 to 14 mm for moderate sensitivity; 14 to 19 mm for sensitive; and ≥19 mm for high sensitivity.
To test whether the AMP exhibited different antibacterial activities against different bacteria, the MIC was measured. Agar plates containing different concentrations of inactivated S. pullorum-induced AMP were quartered, and in each quarter antibiotics (Enrofloxacin) were used to replace the AMP as the control group; one strain with 1 × 10 4 cfu/spot of bacteria was streaked out. The different agar plates contained 0 to 5 mg/L of AMP and 0 to 5 mg/L of Enrofloxacin.
Number of Bacteria in the Maggots
The number of bacteria in the maggots was measured by simultaneous standard plate count techniques. The maggots in each experiment were cleaned with sterile distilled water and soaked in 1% potassium permanganate to kill the bacteria on the surface of the body. One gram of maggots was mashed using a high-speed tissue homogenizer to generate a suspension, and 5 mL of the suspension was transferred into 95 mL of sterile distilled water blanks. The samples were then cultivated at 37°C for 18 to 24 h to count the bacteria.
In Vivo Experiment
All experimental procedures were conducted in conformity with institutional guidelines for the care and use of laboratory animals, and protocols were approved by the Institutional Animal Care and Use Committee in Animal Science and Technology College of Shihezi University. All efforts were made to minimize suffering. Locally purchased, specific pathogen-free male Aviagen chicks were reared in wire cages and allowed free access to water and feed. Chicks (240) of similar weight, size, and stage of growth were divided into 4 groups (untreated; noninduced AMP; inactivated S. pullorum AMP; antibiotics) at d 7. Each chicken was infected with 2 mL of a S. pullorum suspension (5 × 10 7 cfu/ mL). The experiment began 24 h later when all chickens presented with diarrhea. Fifty milliliters of the crude extraction of AMP (1 mg/mL) and antibiotics were used to treat the chickens for the next 7 d. The antibiotics (Enrofloxacin) were added in the water according to standard procedure (50 mg/L). Clinical symptoms (diarrhea) were observed, and cure rate and mortality were calculated. To determine the fecal bacterial content, 2 g of feces from each group was collected in sterile water at d 1, 3, 5, and 7. Additionally, 1 mL of venous blood was collected in tubes containing sodium heparin as an anticoagulant to measure the number of red blood cells (RBC) and white blood cells (WBC) using an automatic blood cell analyzer.
Statistical Analysis
Statistical analyses were performed using SPSS software [15] . Independent t-tests and one-way ANOVA were used for the analysis of changes in the concentration of the AMP, diameter of the inhibition zone of the AMP, and bacterial numbers in the diarrhea of the chickens. P-values of 0.05 were considered indicative of a statistically significant difference.
RESULTS AND DISCUSSION
Molecular Identification and Determination of AMP Concentration
The concentration of AMP in the S. pullorum-induction group, inactivated S. pulloruminduction group, and control group were measured at 0, 12, 24, and 48 h (Table 1) based on the standard curve. Throughout the 48 h, the concentration of the AMP in the control group was relatively stable, remaining at approximately 0.81 mg/mL. From 0 to 24 h, the concentration of AMP in both the S. pullorum-and inactivated S. pullorum-induction groups consistently increased, reaching a peak of 1.3776 and 1.2280 mg/mL, respectively. After 24 h, the concentrations decreased, reaching 1.2027 and 1.0175 mg/mL at 48 h, respectively. The SDS-PAGE analysis showed that the AMP from both the S. pullorum-and inactivated S. pullorum-induction groups generated one band with a molecular mass of approximately 7 kDa (Figure 1 ). This band was not present in the control group.
Antibacterial Activity of the AMP Crude Extract
Disk diffusion testing was used to test the antibacterial activity of the AMP produced under the 3 different conditions (untreated, S. pullorum-induced, inactivated S. pullorum-induced) and antibiotics (Enrofloxacin) against S. pullorum, Staph. aureus CP5, and E. coli O157:H7 (Table 2 ). Both S. pullorum-and inactivated S. pullorum-induced AMP had significantly larger inhibition zone diameters when exposed to S. pullorum than when exposed to Staph. aureus CP5 or E. coli O157:H7, whereas the untreated AMP showed no significant difference in activity against the 3 bacteria. Overall, the inhibitory zone diameter of the AMP ranged from 12 to 18 mm, a diameter that was significantly smaller than that generated by exposure to antibiotics (P < 0.05).
The MIC of the inactivated S. pulloruminduced AMP that was required to completely inhibit the growth of S. pullorum, Staph. aureus CP5, and E. coli O157:H7 was determined by streaking agar plates containing various concentrations of AMP and Enrofloxacin (Table 3 ). For S. pullorum, an MIC of 0.5 mg/mL was found, and this was lower than that found for Staph. aureus CP5 (1.5 mg/mL) and E. coli O157:H7 (2 mg/mL). The MIC of Enrofloxacin were 1 (S. pullorum), 1.5 (Staph. aureus CP5), and 1.5 mg/ mL (E. coli O157:H7), values that were generally higher than those determined for the AMP.
Number of Bacteria in the Maggots
The number of bacteria found in the maggots was approximately 1.6 × 10 5 cfu/g (Figure 2 ). This number is lower than the national standard of the number of bacteria in feed (2 × 10 6 cfu/g).
In Vivo Experiment
The bacterial numbers found in the diarrhea of chickens are shown in Table 4 . In the control group (untreated), the number of bacteria was relatively stable, remaining at approximately 5 × 10 8 cfu/g, whereas the number of bacteria in the other 3 groups dropped throughout the 7 d. From d 3 to 7, the number of bacteria in the antibiotic group showed the sharpest decrease from 1.11 × 10 7 to 1.19 × 10 5 cfu/g, followed by inactivated S. pullorum-induced AMP and noninduced AMP.
The number of WBC in the control group was relatively stable (approximately 12 × 10 10 ) and remained higher compared with the other groups throughout the 7 d. For the antibiotic group, the Values within the same column with different superscripts differ (P < 0.05). Table 3 . Staphylococcus aureus CP5, Salmonella pullorum, and Escherichia coli O157:H7 were streaked onto agar plates containing different concentrations of antimicrobial peptides (AMP) and enrofloxacin; the plates were incubated for 24 h at 37°C, and growth was monitored
---1 -= no colonies; ± = small colonies; ++ = normal colonies. Figure 2 . Number of bacteria in maggots.
number of WBC was the lowest, and a sharp decrease was observed. The number of WBC in the S. pullorum-and inactivated S. pullorum-induced AMP groups was almost the same, except at d 5. The number of RBC resulted in mostly the same trend (Figure 3) .
The cure rate was examined at the end of the experiment (d 7) using specific cure criteria; all clinical symptoms (shivering and clustering; drooping wings; loss of appetite; white, light yellow, or light green sticky, watery stools and perianal adhesion; difficulty breathing) disappeared or were reduced. For the control group (untreated group), 13 (21.67%) chickens experienced a reduction in symptoms. The cure rate for the noninduced AMP group, inactivated S. pullorum AMP group, and antibiotic group was 41.67, 46.67, and 63.33%, respectively. The AMP can be produced rather quickly upon infection with little energy consumption; nonetheless, some are constitutively expressed [16] . Despite the fact that AMP in insects and mammals may modulate innate and adaptive immune responses [17] , their most important function is elimination of infectious microorganisms [18] . Maggots can produce many AMP against infectious microorganisms. However, adaptive immune responses can be activated to enhance the expression level of AMP (over constitutive expression) when responses are stimulated by other factors, such as heating, stress, and bacteria [19] . In our study, both S. pullorum and inactivated S. pullorum were used to induce AMP production from maggots. The concentration of AMP in the S. pullorum and inactivated S. pullorum groups was significantly higher than that in the untreated group (Table 1) . Based on these data, the expression level of AMP was enhanced, and the new AMP were identified by SDS-PAGE, as they were not found in the extracts from untreated maggots (Figure 1 ). An et al. [20] extracted different types of antibacterial proteins and peptides from the larvae of houseflies at 6, 16, 24, 48, and 65 h. In the current study, the expression level of maggot AMP reached a peak at 24 h and remained stable at 48 h (Table 1) . Therefore, the maggot AMP were induced; the AMP were produced by the immune system gradually and then remained at a stable level.
The host can generate effective immune responses when stimulated by exogenous microorganisms, and such responses alter the sensitivity of the host to microorganisms [21] . Although several pathogenic bacteria strongly induce AMP expression in insects, commensal bacteria are very poor and variable inducers of AMP [22] . In murine models, AMP production is strongly induced by the normal microflora constituent, Bacteroides thetaiotaomicron [23] , a property that distinguishes it from other intestinal bacteria. The resulting peptide demonstrates activity against several gram-positive and -negative pathogens. In the current report, maggot AMP had different antimicrobial activities against different bacteria. Salmonella pullorum-and inactivated S. pullorum-induced AMP showed stronger antibiotic activity against S. pullorum than against Staph. aureus CP5 and E. coli O157:H7 (Table 2 ). The MIC test (Table 3) demonstrated similar results.
The inactivation of S. pullorum does not affect its immunogenicity [24] , and the AMP induced were likewise unaffected. However, inactivation of the bacteria can provide a safer way to induce AMP. In the present study, S. pullorum was inactivated by formaldehyde, and the expression level of the inactivated S. pullorum-induced AMP was increased; the AMP also showed strong antibacterial activity compared with the control group. Some bacteria may enter the maggot body and survive the induction process, and this would affect the safe use of maggot AMP. However, based on our results, maggots can be used safely if they are first cleaned, and the bacteria on the surface of the maggot are killed.
It is well established that S. pullorum is able to persist and reproduce in the intestine [25] ; overgrowth of S. pullorum in the intestine can affect the growth of normal intestinal flora, produce toxins, and cause diarrhea [26] . Although the bacteria in the feces of the chickens were composed not only of S. pullorum, this species is the major bacterium that causes diarrhea in chickens. Thus, when the number of bacteria dropped, we were able to confirm that the health status of the chickens was improving.
White blood cells and RBC have a significant role in the diagnosis of different types of infections [27] , and the number of WBC and RBC in the blood is often an indicator of disease. We found that the number of WBC in the cure group was consistently decreased, a finding that was in accord with the cure rate and clinical symptoms. However, the antibiotic group fared much better than the AMP group, and this may be due to the concentration of AMP and bacterial titer.
CONCLUSIONS AND APPLICATIONS
1. The expression level of AMP produced by maggots was enhanced by bacterial treatment, and the antimicrobial activity of the AMP against distinct bacteria was different. 2. This discovery may provide a new way to use maggot AMP. However, for use as alternatives to antibiotics on a large scale, more effective and economical purification methods are needed.
